Divers face problems during their work due t o s t r e s s e s p l a c e d upon t h e r e s p i r a t o r y s y s t e m by t h e hyperbaric environment. In addition, both the r e s p i r a t o r y and cardiovascular systems may be injured during the course of decompression sickness. Work a t the Naval Medical Research Institute ( W I ) i s directed toward solving problems in both these areas. A system of magnetometers allows evaluation of the impact of s t r e s s e s from the underwater environment on t h e d i v e r ' s r e s p i r a t o r y s y s t e m w i t h o u t i n t e r f e r i n g w i t h h i s b r e a t h i n g . O t h e r r e s e a r c h d e s c r i b e d h e r e i n is e x p l o r i n g h i g h -f r e q u e n c y o s c i l l a t i o n (HFO) of a d i v e r ' s b r e a t h i n g g a s a s a means of l e s s e n i n g l i m i t a t i o n s imposed by increased gas density. F i n a l l y , r e c e n t a n d o n g o i n g r e s e a r c h d e s c r i b e d i n t h i s paper i s aimed a t u n d e r s t a n d i n g t h e n a t u r e and mechanisms of i n j u r y t o t h e h e a r t and lungs during decompression sickness, with the goal of improving prevention and treatment of this disorder.
( W I ) i s directed toward solving problems in both these areas. A system of magnetometers allows evaluation of the impact of s t r e s s e s from the underwater environment on t h e d i v e r ' s r e s p i r a t o r y s y s t e m w i t h o u t i n t e r f e r i n g w i t h h i s b r e a t h i n g . O t h e r r e s e a r c h d e s c r i b e d h e r e i n is e x p l o r i n g h i g h -f r e q u e n c y o s c i l l a t i o n (HFO) of a d i v e r ' s b r e a t h i n g g a s a s a means of l e s s e n i n g l i m i t a t i o n s imposed by increased gas density. F i n a l l y , r e c e n t a n d o n g o i n g r e s e a r c h d e s c r i b e d i n t h i s paper i s aimed a t u n d e r s t a n d i n g t h e n a t u r e and mechanisms of i n j u r y t o t h e h e a r t and lungs during decompression sickness, with the goal of improving prevention and treatment of this disorder.
Divers working a t d e p t h i n c u r a l i m i t a t i o n on t h e i r e x e r c i s e p e r f o r m a n c e t h a t i s imposed by t h e
respiratory system. This limitation can be magnified by breathing equipment designed without regard to the u n i q u e s t r e s s e s p l a c e d upon t h e r e s p i r a t o r y s y s t e m by the diver's environment.
To s t u d y t h e e f f e c t s
of t h e h y p e r b a r i c environment on t h e r e s p i r a t o r y s y s t e m , a system of magnetometers has been developed that allows monitoring of t h e d i v e r ' s v e n t i l a t i o n w i t h o u t i n t e r f e r i n g w i t h h i s b r e a t h i n g , and without concern for the dependence on d e n s i t y of standard flow measuring devices.
A magnetometer consists of a p a i r o f w i r e C o i l s .
A l t e r n a t i n g c u r r e n t i s passed through one of the c o i l s . This induces a c u r r e n t i n t h e s e c o n d c o i l t h a t i s p r o p o r t i o n a l t o t h e d i s t a n c e b e t w e e n t h e c o i l s . Using magnetometers t o measure the anteroposterior
(AP) and l a t e r a l (L) dimensions of t h e abdomen (ab) and r i b c a g e ( r c ) , R o b e r t s o n e t a l . were a b l e t o c a l c u l a t e r e s p i r a t o r y v o l u m e . ' The method was automated off-line using a d i g i t a l computer and the following model f o r c a l c u l a t i n g pulmonary volume (V):
where (Arc) i s the area of the rib cage and (Aab) i s t h e a r e a o f t h e abdomen c a l c u l a t e d by assuming a h o r i z o n t a l o v a l t h r o u g h t h e r i b c a g e and another h o r i z o n t a l o v a l t h r o u g h t h e abdomen. The l e n g t h O f t h e a x i s of each oval i s measured by t h e a p p r o p r i a t e AP and L magnetometer p a i r , and the area is c a l c u l a t e d as follows:
where (D L , r c ) i s t h e L dimension of t h e r i b c a g e , (D m , r c ) i s t h e AP dimension of the rib cage,
is t h e L dimension of t h e abdomen and (D AP,ab) i s t h e U.S. Government work not protected by U.S. copyright.
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AF dimension of t h e abdomen.
The c u r r e n t o n -l i n e r e a l -t i m e method u s e s t h e four-pair magnetometer method proposed by Robertson e t a1.l The system was implemented on a D i g i t a l Equipment Corporation PDP-11/03 computer under t h e RT-11 operating system. A l l programs were written in F o r t r a n .
The data collected from the magnetometers and processed by a PDP 11/03 computer, allow the separate measurement of volume changes of t h e r i b cage and the abdomen. Along with measures of gastric and e s o p h a g e a l p r e s s u r e s , t h e c o n t r i b u t i o n of b o t h t h e r i b cage and t h e abdomen to t h e t o t a l work of b r e a t h i n g can be determined.
The major muscle of respiration, the diaphragm, o p e r a t e s most e f f i c i e n t l y a t a given length.
The l e n g t h seems t o be t h a t which i s a t t a i n e d a t t h e end of a n o r m a l , q u i e t i n s p i r a t i o n . D u r i n g e x e r c i s e , t h e e n d -i n s p i r a t o r y l u n g v o l u m e i n c r e a s e s a s t h e l e v e l of e x e r c i s e i n c r e a s e s , a p p a r e n t l y due t o i n c r e a s e s i n r i b cage excursion. This action helps keep diaphragm l e n g t h a t i t s optimum a t a l l t i m e s . Other work has been directed at overcoming the r e s p i r a t o r y l i m i t a t i o n t o e x e r c i s e a t d e p t h . I n animals, the uptake of O2 and t h e e l i m i n a t i o n of CO can occur in the absence of " b r e a t h i n g " i f t h e g a s i n t h e a n i m a l ' s r e s p i r a t o r y t r a c t i s o s c i l l a t e d a t 10-50 Hz. R e s e a r c h e r s a t hPnI a r e e x p l o r i n g o s c i l l a t i o n of breathing gas as a means of 
Although many d e s i g n s e x i s t f o r e f f e c t i v e h i g hf r e q u e n c y o s c i l l a t o r s , t h e
Navy i s p a r t i c u l a r l y i n t e r e s t e d i n two designs.
One v i b r a t e s t h e c h e s t wall, a n d t h e o t h e r o s c i l l a t e s g a s i n t h e a i r w a y s w i t h small jets of compressed gas.
The l a t t e r d e v i c e c o u l d i n t h e o r y b e powered by a diver's compressed gas supply.
The HFO d e v i c e s c u r r e n t l y b e i n g t e s t e d i n t h e c l i n i c a l e n v i r o n m e n t a r e n o t a p p l i c a b l e t o t h e d i v i n g s i t u a t i o n . They are u s e d o n a n e s t h e t i z e d p a t i e n t s with a i r o r oxygen b e i n g d e l i v e r e d t o t h e p a t i e n t through an endotracheal tube.
The f i r s t t a s k LXRI i n v e s t i g a t o r s f a c e d was t o see i f HFO could improve g a s e x c h a n g e i f t h e c o n s t a n t f l o w o f g a s t o a s u b j e c t ' s u p p e r a i r w a y s w a s r e p l a c e d by t h e s u b j e c t ' s owm b r e a t h i n s . A s described below, we found that HFO did improve gas exchange.
Anesthetized dogs were p l a c e d i n a box t h a t a c t e d a s a n e g a t i v e p r e s s u r e r e s p i r a t o r ( s i m i l a r t o t h e "Iron Lungs" of t h e p o l i o e r a ) .
The a n i m a l ' s a i r w a y s w e r e c o n n e c t e d t o a n e n d o t r a c h e a l t u b e t h a t p a s s e d through the walls of the box and allowed the animal to b r e a t h e room a i r . The box surrounding the animal's c h e s t was p e r i o d i c a l l y e v a c u a t e d , f o r c i n g t h e a n i m a l ' s lungs to expand and f i l l w i t h room a i r . Ir'hen t h e p r e s s u r e i n t h e box was r e t u r n e d t o n o r m a l , t h e a n i m a l ' s l u n g s e m p t i e d ; t h e p a t t e r n o f b r e a t h i n g resembled normal respiration.
Blood samples were taken occasionally to insure that normal gas exchange could be maintained.
To s i m u l a t e t h e t y p e of h y p o v e n t i l a t i o n common i n d i v i n g , t h e t i d a l volume generated by t h e r e s p i r a t o r was reduced. A s a r e s u l t ,
t h e 0 content in the blood dropped and CO, r o s e t o new, s t a b l e l e v e l s .
W e then superiaposed the o s c i l l a t i o n s g e n e r a t e d by a very high-frequency j e t v e n t i l a t o r (15-2s Hz) on t i d a l b r e a t h i n g .
A s a r e s u l t , gas exchange was improved: the level of O2 increased and the level of CO decreased.
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The second task : X F C C i n v e s t i g a t o r s f a c e d was d e t e r m i n i n g w h e t h e r t h e s u p e r p o s i t i o n o f HFO on normal b r e a t h i n g would improve gas exchange during dense gas b r e a t h i n g . To d e t e r m i n e t h i s , i n v e s t i g a t o r s had animals breathe a mixture of 802 SF6 and 20% 0
e i n s i g h t i n t o t h e mechanism of HFO, a mechanism i n which "dead space" plays an important role. 
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A l a r g e p a r t of each normal breath goes directly t o t h e a l v e o l i where gas exchange occurs. A s i g n i f i c a n t p o r t i o n , h o w e v e r , r e m a i n s i n a i r w a y s a n d t a k e s n o p a r t i n g a s e x c h a n g e . T h i s p o r t i o n of t h e b r e a t h i s r e f e r r e d t o as d e a d s p a c e v e n t i l a t i o n .
Dead space is n o t f i x e d ; t h e g r e a t e r t h e amout of mixing between alveolar and airway gas, the less the dead space. It a p p e a r s t h a t HFO a c t s by i n c r e a s i n g g a s mixing and decreasing dead space.
A s a r e s u l t , a g r e a t e r p o r t i o n o f e a c h i n s p i r e d b r e a t h c o n t r i b u t e s t o gas exchange. t o damage t h e c i r c u l a t i o n i n d i s t a n t s i t e s . The potential types of emboli include more than simple gas bubbles. Older work from bubble oxygenators formerly used during cardiopulmonary bypass operations has shown that bubbling gas through blood can denature plasma lipoproteins, thereby r e l e a s i n g bound l i p
Research i s
p r e s e n t l y underway t o s t u d y t h e e f f e c t o f compressed atmospheres on HFO, b o t h i n a n i m a l s a n d i n d i v e r s . The human work does not i n v o l v e t r a c h e a l i n t u b a t i o n , and w i l l c l o s e l y f o l l o w e x p e c t e d c o n d i t i o n s i n real working environments.
In o t h e r work a t N M R I i n v e s t i g a t o r s h a v e b e e n e x p l o r i n g h e a r t and lung responses after decompression and during the course of decompression sickness. A v a r i e t y o f o b s e r v a t i o n s s u g g e s t t h a t t h e l u n g s s h o u l d be a major target organ for decompression-induced

i d t h a t may t h e n c o a l e s c e i n t o g l o b u l e s . 3 ' 4 I n a d d i t i o n , g a s b u b b l e s i n t h e b l o o d a c t a s f o r e i g n s u r f a c e s and may t r i g g e r a number of enzyme s y s t e m s i n t h e b l o o d , c a u s i n g a c t i v a t i o n o f c l o t t i n g p r o t e i n s o r p~a t e l e t s .~'~ Some experimental work s u g g e s t s t h a t as a r e s u l t of s u c h a c t i v a t i o n , bubbles may become coated with a l a y e r o f l i p i d t o which p l a t e l e t s a d h e r e . 7 T h u s , i n a d d i t i o n t o s i m p l e gas bubbles, other emboli that may be present in blood during decompression o r decompression sickness include l i p i d g l o b u l e s and s e m i p a r t i c u l a t e e n b o l i c o n s i s t i n g of complexes of gas bubbles, lipid and platelets. B e c a u s e t h e i n e r t g a s p a r t i a l p r e s s u r e i s always h i g h e r i n v e n o u s b l o o d t h a n i n a r t e r i a l b l o o d d u r i n g d e c o m p r e s s i o n , g a s b u b b l e s t e n d t o f o r m f i r s t i n venous blood.
From an anatomical viewpoint, t h e r e f o r e , t h e l u n g s h o u l d b e a m a j o r t a r g e t o r g a n f o r decompression-induced injury since i t r e c e i v e s e s s e n t i a l l y a l l of the venous blood in the body. Because the diameters of pulmonary capillaries are in the range of 10 U N , t h e l u n g s a c t as a f i l t e r f o r t h e v a r i o u s t y p e s o f e m b o l i t h a t may b e l i b e r a t e d d u r i n g decompression. 
D o p p l e r s t u d i e s h a v e t e n d e d t o s u b s t a n t i a t e t h e s e t h e o r e t i c a l c o n s i d e r a t i o n s . I n b o t h men and i n
i a n d p l a t e l e t a g g r e g a t e s i s s i m i l a r i n some ways t o more common types of embolic d i s e a s e . I t i s e s p e c i a l l y similar t o t h e e m b o l i z a t i o n o f b l o o d c l o t s t o t h e l u n g ( a u t o l o g o u s thromboembolism), a common o c c u r r e n c e i n h o s p i t a l i z e d p a t i e n t s . I n b o t h i n s t a n c e s , o b s t r u c t i o n o f t h e
pulmonary v a s c u l a t u r e c a u s e s a m e c h a n i c a l i n c r e a s e i n pulmonary v a s c u l a r r e s i s t a n c e .
A r e a c t i v e i n c r e a s e i n pulmonary v a s c u l a r r e s i s t a n c e a l s o o c c u r s d u e t o v a s o c o n s t r i c t i o n m e d i a t e d by v a s o a c t i v e s u b s t a n c e s t h a t a r e b l o o d -b o r n e a n d r e l e a s e d l o c a l l y . >lany v a s o a c t i v e s u b s t a n c e s may a l s o i n c r e a s e pulmonary v a s c u l a r p e r m e a b i l i t y .
10 W e h y p o t h e s i z e d t h a t t h e s e c h a n g e s i n t h e l u n g m i g h t c a u s e m e a s u r a b l e a l t e r a t i o n s i n l u n g f u n c t i o n tests i n men who were otherwise asymptomatic following deep a i r d i v e s . To t e s t t h i s h y p o t h e s i s , we performed two series of experiments. In each case men were s t u d i e d a f t e r a recompression chamber air-dive to 285 fsw for 10 min. In one series, measurements were made of the grosser mechanical properties of the lungs, including lung volumes, pulmonary resistance and pulmonary compliance. Precordial Doppler recordings were also made. The preliminary,results of these measurements suggested that despite Doppler evidence of pulmonary bubble emboli in most subjects, the gross mechanical properties of the lungs remained unchanged.
In a separate study of men following a 285-fsw, 10-min air dives, measurements were made of forced expiratory flows, flow volume loops and closing volumes. They were made predive and at s i , 1, 3 , 4 and 5 hr after the dive. The closing volume technique is considered a fairly sensitive indicator of small airways dysfunction in the lung. As small airways become injured by edema, spasm, or other disease processes, they tend to close during expiration at progressively higher lung volumes. This type of abnormality is reflected in an increase in closing volume. Analysis of closing volume data following the 285-fSw air dive demonstrated an increase in closing volume of 10% immediately postdive and of 16X at 4 and 1 hr postdive. At 2 and 3 hr, closing volumes were c l o s e to predive values, but increased more than 25% at 4 and 5 hr postdive. The initial increase in closing volume may represent smooth muscle spasm, while the later increase at 4 and 5 hr may result from shifts of fluid into the pulmonary interstitium, with the development of clinically silent, increased lung water. Thus, while gross tests of the mechanical properties of the lung register no noticeable changes following deep, stressful dives, more sensitive tests --especially those that may be direct or indirect measures! of lung water --do register alteration in lung properties postdive.
The significance of these findings is twofold. First, the abnormalities in closing volume substantiate other evidence derived from animal studies that indicate that abnormal accumulations of lung water are an integral part of the mechanism of decompression-induced lung injury. Secondly, these findings show that tests which directly or indirectly measure increases in lung water may be useful indicators of decompression-induced injury before divers actually develop symptoms of decompression sickness.
The second point is especially important because one of the major biomedical problems in current diving practice is the development of safe, efficient decompression tables to meet new needs or the improvement of older tables already in use. Despite more than half a century of decompression research, it is still not possible to develop new tables without subjecting them to empirical modifications based upon the outcome of human testing. Such testing often causes many cases of decompression sickness, some of which are serious. It would be very useful to have an indicator of decompression-induced injury other than clinical illness to use in tests to develop new decompression tables. Our research suggests that tests that measure increases in lung water may provide such a tool.
Other work in N M R I laboratories has been directed at understanding the more extreme end of decompression stress, namely decompression sickness. The clinical syndrome of "chokes" provides another illustration of the central location of the lung as a target in decompression sickness. "Chokes" (or pulmonary decompression sickness) is a manifestation of decompression sickness in the lung and has three symptoms: substernal pain, cough, and dyspnea or respiratory distress. The substernal pain associated with pulmonary decompression sickness is usually a burning pain that increases-in severity with time. At onset, the pain may occur only during coughing, but as the disease progresses the pain occurs during inspiration and expiration as well. Initially, coughing is intermittent and readily provoked by cigarette smoking. As the disease progresses, however, paroxysms of coughing becoine uncontrollable. Dyspnea and the symptoms of respiratory distress increase progressively as the cough increases. Shock often accompanies the respiratory symptoms of "chokes." If untreated, pulmonary decompression sickness may be fatal.
In an early observation of a human case of altitude decompression sickness, Ferris and Engle described a "fiery red" appearance in the membranes of the throat. l2 This observation, coupled with the fact that the symptoms of pulmonary .decompression sickness in many ways resemble those of acute bronchitis, led us to speculate that the fundamental alteration of lung during decompression sickness might be acute inflammation of the mucosal linings of the bronchi of the lung. To investigate this hypothesis, we performed a series of animals studies in which the response of the lung was examined during severe decompression sickness. We used a variety of techniques, including bronchoscopy, measurements of arterial blood gases, measurements of the mechanical properties of the lung and pathological examination of lung tissue. The results of this work show that although airway dysfunction does occur in decompression sickness, it is a secondary rather than a primary effect. The most regularly occurring abnormalities in the lung during decompression sickness are increases in pulmonary artery pressures and pulmonary vascular resistance, falls in systemic blood pressure, loss of plasma volume with hemoconcentration, and falls in arterial oxygen, arterial carbon dioxide and arterial pH. The primary abnormality underlying these effects seems to be injury to the pulmonary vasculature by bubble emboli. This injury to the pulmonary vasculature causes the pulmonary vessels to leak, resulting in abnormal increases in lung water. This type of reaction in the lung has been seen in many serious diseases, such as overwhelming infection and shock, and has sometimes been referred to as "shock lung." Our work indicates that the response of the lung in decompression sickness has many features common to the "shock lung" state.
We are also interested in the types of injury that the heart may sustain during decompression sickness. Preliminary results from recent studies suggest that true heart failure is uncommon during severe decompression sickness. In some cases, however, a pattern resembling a myocardial infarction (heart attack) may occur. The pattern is presumably the result of obstruction of the coronary arteries by bubbles or by the product of blood-bubble interactions. If this pattern occurs and is left untreated, it is associated with a markedly shortened survival time.
In this paper, we have briefly described the results of a number of experimental studies that have been completed recently at the Hyperbaric Medicine Program Center at the Naval Hedical Research Institute in Bethesda, Haryland. These studies have clarified the burdens imposed upon the respiratory system by the environment of the working diver and have suggested promising new ways to ease these burdens in the future. Other work has substantially improved our understanding of the nature of the injury to the lungs and heart during decompression sickness. We hope that this work will lead to improved means of prevention and treatment of decompression sickness.
